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Extended data figure 1. Integration of multi-omics profiling datasets using multi-omics 
factor analysis (MOFA). a, Datasets included in the MOFA training model and the overlap of 
patient samples among datasets. The number of features in each dataset is indicated by “d=” 
and the number of samples in each dataset is indicated by “n=”. b, Stem plots showing the 
variance explained (R2) values for each view by each factor.  
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Extended data figure 2. Characterization of the factors identified by MOFA.  
a and b, Absolute loadings of the top features of F1 and F2 in the genomic dataset (n=217 
samples). c, Visualization of patient samples using F1 and F2 as coordinates. A dot represents 
a primary CLL with mutated IGHV status (M-CLL, n=117 samples), and a circle represents a 
primary CLL with unmutated IGHV status (U-CLL, n=89 samples). CLL with (n=25 samples) 
and without trisomy12 (n=181 samples) are colored by blue and red, respectively. d, 
Association between F1 and three epigenetic subtypes of CLL: HP (high-programmed, n=86 
samples), IP (intermediate-programmed, n=35 samples) and LP (low-programmed, n=86 
samples). F1 separated the three epigenetic subtypes in their proper order (HP-, IP- and LP-
CLL). e, F3 values for CLL samples in different RNAseq batch (n=103, 33, 43 and 23 samples 
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for batch 1, 2, 3 and 4, respectively). Each dot represents a patient sample. The boxplot shows 
the interquartile range in the box with the median as a horizontal line. Whiskers extend to 1.5 
times the interquartile range. P value was calculated by ANOVA test. f, Correlations between 
Factor 5 and the mRNA expression of T cell markers genes: CD4 and CD8A. P values are 
from two-sided Pearson’s correlation tests. g, Correlations between Factor 6 and the 
expression of two exemplary genes (SOD1 and GPX4) involved in the response to reactive 
oxygen species (ROS). P values are from two-sided Pearson’s correlation tests. h, Pathway 
enrichment results for Factor 6. Enrichment P values were adjusted by Benjamini-Hochberg 
method. i, Pathway enrichment results for Factor 7. Enrichment P values were adjusted by 
Benjamini-Hochberg method. Factor 5 and Factor 7 were characterized in detail, under the 
names of Factor 4 and Factor 5 respectively, in the article describing the implementation of 
MOFA18. All analysis results shown in panel f - i were performed on RNAseq data from 202 
samples. 
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Extended data figure 3. Associations between Factor 4 and demographic and clinical 
characteristics. a, Association of F4 to age. P values is from two-sided Pearson’s correlation 
test. (n=217 samples) b and c, Associations of F4 to sex and pretreatment status. P values 
are from two-sided t-tests. d and e, Kaplan-Meier plots for showing the associations between 
F4 and TTT or OS in patients without previous treatment. The P-values were assessed by Cox 
regression models with F4 as a continuous variable. For visualization purposes only, optimal 
cutoffs to separate patients into high and low CLL-PD groups were estimated by the maximally 
selected rank test implemented in the R/CRAN package maxstat (v0.7).  f and g, Forest plots 
showing the hazard ratios with 95% confidence intervals and P values from multivariate Cox 
models that include known demographic and genomic risk factors, for TTT and OS in patients 
without previous treatment.  F4 remained significantly associated with TTT in multivariate 
analysis. In multivariate analysis for OS, none of the risk factors except for age were significant, 
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however, the hazard ratio showed the same trend for F4 as in the full data set analysis, 
consistent with the reduced statistical power of the subset analysis. (n=154 patients) h, 
Correlation between F4 and lymphocyte doubling time (LDT) in previously untreated patients. 
P values and coefficients are from two-sided Pearson’s correlation tests. i, Correlation 
between F4 and lymphocyte doubling time (LDT) in M/U-CLL separately. P values and 
coefficients were from two-sided Pearson’s correlation tests. (n=43 and 40 samples for M-CLL 
and U-CLL, respectively). 
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Extended data figure 4. Associations between CLL-PD score and outcomes (TTT or OS) 
in four external CLL cohorts with gene expression data. The per-test P-values were 
calculated by two-sided log-rank tests on Cox regression models with CLL-PD score as a 
continuous variable. For visualization purposes only, optimal cutoffs to separate patients into 
high and low CLL-PD groups were estimated by the maximally selected rank test implemented 
in the R/CRAN package maxstat (v0.7).  
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Extended data figure 5. Associations of CLL-PD to genomic aberrations and DNA 
methylation. a and b, Scatter plots showing the associations between CLL-PD and the total 
number of mutations detected by whole exome sequencing (a) or whole genome sequencing 
(b). Mutations on immunoglobulin genes were excluded when calculating the total number of 
mutations to avoid potential influence of somatic hypermutation. P values and coefficients 
were calculated by two-sided Pearson’s correlations tests. c, Associations of the CLL-PD 
score to genomic aberrations in the ICGC-CLL cohort (n=249 samples). P values are from 
two-sided t-tests. d, Associations of the CLL-PD score to overall mutation load in the ICGC-
CLL cohort. P value is from two-sided Pearson’s correlation test. e, top 10 enriched 
transcription factor binding motifs in the regions that show hypomethylation in samples with 
high CLL-PD values, P values were calculated by the Homer de novo algorithm32. 
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Extended data figure 6. Gene expression signatures of CLL-PD. a to c, Heatmap plots 
showing the z-score of the expression values of genes that are significantly correlated with 
CLL-PD (1% FDR, Benjamini-Hochberg’s method) and are in the Hallmark MYC targets v1 
(a), Hallmark oxidative phosphorylation (OXPHOS) (b) and Hallmark mTORC1 signaling (c) 
gene sets from Molecular Signatures Database (MSigDB)39. Samples (columns) are ordered 
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by their CLL-PD values. Symbols of the genes coding mitochondrial proteins are colored in 
red. d, Gene enrichment analysis of genes correlated with the CLL-PD scores in the four 
external cohorts shown in Figure 2b, using Hallmark gene sets from MSigDB. The names of 
gene sets related to MYC targets, mTOR signaling and OXPHOS are colored in red. (n=249, 
107, 130 and 81 patients for the ICGC-CLL, Munich, UCSD and Duke cohorts, respectively) 
e, Gene set enrichment analysis of genes correlated with CLL-PD in U-CLL (n=107 samples) 
and M-CLL (n=93 samples) separately. 
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Extended data figure 7. Comparison between the gene expression signatures of CLL-
PD and the signatures of pro-proliferative stimuli. a, GSEA plots showing the enrichment 
of CLL-PD correlated genes in the gene sets defined on the genes significantly up-regulated 
by the four indicated pro-proliferative stimuli (1% FDR and log2 fold change >1). b, Gene 
enrichment analysis of genes differentially regulated after four pro-proliferative 
microenvironment stimulations: including CpG ODN (ArrayExpress ID: E-GEOD-30105, n=9 
samples), co-culturing with T-cells (ArrayExpress ID: E-GEOD-50572, n=5 samples), 
IL21+CD40L (ArrayExpress ID: E-GEOD-50572, n=4 samples), and cross-linked anti-IgM 
(ArrayExpress ID: E-GEOD-39411, n=11 samples). Gene sets that passed a threshold 
corresponding to an FDR of 5% are shown. The names of gene sets related to MYC targets, 
mTOR signaling and OXPHOS are colored in red. 
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Extended data figure 8. Characterization of CLL-PD by proteomic, ex-vivo drug 
response and bioenergetic profiling. a, Correlations between CLL-PD to the protein levels 
of three MYC direct targets that are involved in cell proliferation: MCM4, NME1 and PAICS. 
Per-test P values and coefficients are from two-sided Pearson’s correlation tests (n=46 
samples). b, P values of associations between drug responses and F1 (IGHV), F2 (trisomy12) 
and F4 (CLL-PD). P values are from ANOVA tests including F1, F2 and F4 as covariates. 
Dashed horizontal line indicates the threshold associated with a false discovery rate (FDR) of 
5% (method of Benjamini and Hochberg). c, Scatter plots showing the correlations between 
cell viabilities after drug treatment (averaged over five concentrations tested) and the CLL-PD 
values. P values were from the same ANOVA test as shown in panel b. Only the drugs that 
showed significant correlations (5% FDR) are shown here. (panel b and c n=190 samples): d, 

Proteins associated with CLL−PD (10%FDR)

FAM136A
ALDH1B1
FKBP5
PSMB6
RCN1
PSMB7
TMLHE
NME1
FASN
PAICS
LACTB2
IRF5
PML
SLC25A22
NME2
TRMT10C
TRAP1
PCCB
NT5C2
HSPD1
LARP7
NARS2
ARMCX3
LAP3
PMPCA
HSPE1
MTX1
GTF2I
NSUN4
PRMT5
ATIC
VDAC1
MAT2A
DCTN2
TPD52L2
GAK
GRB2
BLOC1S1
ATP6V1A
RPS6KA3
NAPA
SEPT6
DOCK11
RABEP1
PHF1
RAB31
RAB22A
FMNL1
VAMP3
PURA
PIK3CD
RRAS2
NFATC2
LTA4H
ELMO2
STAT5B
FGR
ATG5
RIN3
MEF2C
CCBL1
BST1

CLL_PD

z−score

−4
−2
0
2
4

CLL_PD

−2
−1
0
1
2
3

coefficient = 0.82
P = 4.05e−03 

3.0

3.1

3.2

3.3

3.4

3.5

−1 0 1 2 3
CLL−PD

lo
g 1

0 
(M

FI
)

MitoTracker

coefficient = 0.48
P = 8.0e−04 

19.0

19.5

20.0

−1 0 1 2
CLL−PD

Pr
ot

ei
n 

ex
pr

es
si

on

VDAC1
coefficient = 0.56
P = 6.1e−05 

21.0

21.5

22.0

−1 0 1 2
CLL−PD

Pr
ot

ei
n 

ex
pr

es
si

on

HSPD1

5% FDR0

5

10

15

20

Da
sa

tin
ib

Ib
ru

tin
ib

PR
T0

62
60

7
SC

H7
72

98
4

O
NO

−4
05

9
Co

bi
m

et
in

ib
Tr

am
et

in
ib

Du
ve

lis
ib

To
za

se
rti

b
G

an
et

es
pi

b
Id

el
al

isi
b

Su
ni

tin
ib

Af
at

in
ib

O
na

le
sp

ib
O

TX
01

5
Nu

tlin
−3

a
Se

lin
ex

or
AZ

D8
05

5
RO

59
63

BM
S−

50
97

44
Im

at
in

ib
Ra

pa
m

yc
in

AZ
D1

20
8

Vo
la

se
rti

b
PF

−3
75

83
09

M
id

os
ta

ur
in

Fl
ud

ar
ab

in
e

A−
67

45
63

Ve
ne

to
cla

x
M

I−
50

3
Pa

no
bi

no
st

at
Ce

rit
in

ib
IR

AK
1/

4 
In

hi
bi

to
r I

Pa
lb

oc
icl

ib

−l
og

10
(P

 va
lu

e)

factor
F1

F2

F4 (CLL−PD)

coefficient = −0.21
P = 4.2e−03 

0.6

0.8

1.0

−2 −1 0 1 2 3
CLL−PD

Vi
ab

ilit
y

OTX015
coefficient = −0.22

P = 2.1e−03 

0.4

0.6

0.8

1.0

−2 −1 0 1 2 3
CLL−PD

Vi
ab

ilit
y

Cobimetinib

coefficient = −0.18
P = 0.01 

0.6

0.7

0.8

0.9

1.0

−2 −1 0 1 2 3
CLL−PD

Vi
ab

ilit
y

Rapamycin
coefficient = −0.17

P = 0.02 

0.4

0.5

0.6

0.7

0.8

0.9

−2 −1 0 1 2 3
CLL−PD

Vi
ab

ilit
y

Panobinostat

coefficient = 0.18
P = 0.01 

0.90

0.95

1.00

1.05

1.10

−2 −1 0 1 2 3
CLL−PD

Vi
ab

ilit
y

Ceritinib
coefficient = −0.22

P = 2.2e−03 

0.6

0.8

1.0

−2 −1 0 1 2 3
CLL−PD

Vi
ab

ilit
y

ONO−4059

coefficient = −0.19
P = 9.5e−03 

0.4

0.6

0.8

1.0

−2 −1 0 1 2 3
CLL−PD

Vi
ab

ilit
y

Trametinib

coefficient = 0.35
P = 0.02 

14.5

15.0

15.5

16.0

16.5

−1 0 1 2
CLL−PD

Pr
ot

ei
n 

ex
pr

es
si

on
MCM4

coefficient = 0.53
P = 1.3e−04 

17.0

17.5

18.0

18.5

19.0

−1 0 1 2
CLL−PD

Pr
ot

ei
n 

ex
pr

es
si

on

NME1
coefficient = 0.58
P = 2.3e−05 

17.5

18.0

18.5

19.0

−1 0 1 2
CLL−PD

Pr
ot

ei
n 

ex
pr

es
si

on

PAICS

coefficient = 0.35
P = 4.1e−05 

40

80

120

160

−2 −1 0 1 2 3
CLL−PD

O
CR

 (p
M

ol
/m

in
)

maximal respiration
coefficient = 0.34

P = 8.0e−05 

0

30

60

90

120

−2 −1 0 1 2 3
CLL−PD

O
CR

 (p
M

ol
/m

in
)

spare respiratory capacity
coefficient = 0.3

P = 4.6e−04 

20

30

40

50

−2 −1 0 1 2 3
CLL−PD

O
CR

 (p
M

ol
/m

in
)

OCR

b

a c

d

f

e

g



 

 12 

Scatter plots showing the associations of CLL-PD to the three bioenergetic features related to 
oxidative phosphorylation. Per-test P values and coefficients were from two-sided Pearson’s 
correlation tests (n=136 samples). e, A heatmap plot showing the z-score of the expression 
values of proteins that are significantly correlated with CLL-PD (5% FDR, method of Benjamini 
and Hochberg). Samples (columns) are ordered by their CLL-PD values. The names of 
mitochondrial proteins are colored in red. f, The correlation between the CLL-PD values of 10 
samples and their mitochondrial biomass, analyzed by MitoTracker staining. MitoTracker 
Green (ThermoFisher Scientific, M7514) was used according to the compound’s manual. P 
value and coefficient are from two-sided Pearson’s correlation tests.  g, Correlations between 
CLL-PD and the expressions of two mitochondrial marker proteins, VDAC1 and HSPD1 
(HSP60). Per-test P values and coefficients in are from two-sided Pearson’s correlation tests 
(n=46 samples). 
 
 
 
 

Extended data figure 9. Characterization of CLL-PD at single cell level using CyTOF.  
a, The same t-SNE layout as shown in Figure 5b, colored by the scaled intensity the other two 
proliferation markers, P-Rb and Cyclin B1. b, A volcano plot showing the differentially 
expressed markers between CLL-PD high and CLL-PD low samples upon CpG ODN 
treatment. Text label colors indicate pathway: orange—MYC, purple—mTOR, magenta—BCR, 
black—other. The y-axis shows the per-test P values, which were calculated by differential 
expression test (based on two-sided moderated t-test) implemented in the diffcyt R package. 
The dashed horizontal line indicates the threshold associated with a false discovery rate (FDR) 
of 10% (method of Benjamini and Hochberg) (n=8 tumor samples for each of the CLL-PD high 
and low groups). 
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Extended data figure 10. Illustrations of gating and cell type assignment strategies for 
flow cytometry and CyTOF analyses. a, Gating strategy used in the assessment of 
proliferation by flow cytometry. Debris was excluded by gating the largest events based on the 
side and forward scatter of cells (SSC-A/FSC-A plot). Single cells were selected based on 
comparison of FSC-H and FSC-A parameters. Ki67+/CD19+ double positive cells were gated 
among all events based on unstained and staining controls conditions (anti-IgG-PE/anti-IgG-
PE-Cy5 isotype controls, anti-CD19-PE-Cy5 and anti-Ki67-PE single staining controls). b to 
g, An illustration of the gating and clustering strategy to annotate cell types in the CyTOF data. 
b, Intact cells and singlets were gated based on the two DNA channels and the event length 
channel. c, Intact cells and singlets were clustered using flowSOM, based on the cisplatin 
(dead) and cleaved PARP/Caspase3 (cl-PARP-Casp) channels. The number of clusters (k = 
6) was chosen based on the elbow point of the relative change in area under CDF curve. d, 
Cells in the cluster that was negative for cisplatin and cl-PARP-Casp (Cluster3) were classified 
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as live cells. Cells in other clusters were classified as dead/apoptotic cells. e, Live cells were 
clustered into 10 clusters using flowSOM based on the intensity of cell lineage and proliferation 
markers. f, Cluster 1, which was positive for CD45, MPO and CD14, was annotated as myeloid 
cell cluster. Cluster 6, 9 and 10, which were positive for CD45 and CD3 or CD7, were 
annotated as T cell clusters. Cluster 2, 5, 7 and 8, which were positive for CD45 and CD19, 
were annotated as CLL clusters. Cluster 3 and 4, which were negative for CD45, may 
represent non-lymphocytic cells or unhealthy cells and therefore were annotated as 
dead/apoptotic clusters. Among CLL clusters, Cluster 7 and 8, which are positive for all three 
proliferation markers, Ki-67, P-Rb and Cyclin B1, were annotated as proliferating CLL clusters, 
and other CLL clusters were annotated as non-proliferating CLL clusters. g, Visualization of 
cell types on a t-SNE map. Due to their low population size (0.14%), myeloid cells are not 
apparent. 


